Plasma concentrations of growth hormone (GH) were measured in the brushtail possum (Trichosurus vulpecula) pouch young from 25 through to 198 days post-partum (n=71). GH concentrations were highest early in pouch life (around 100 ng/ml), and thereafter declined in an exponential fashion to reach adult concentrations (10·8 1·8 ng/ml; n=21) by approximately 121-145 days post-partum, one to two months before the young is weaned. Growth hormone-binding protein (GHBP), which has been shown to modify the cellular actions of GH in eutherian mammals, was identified for the first time in a marsupial. Based on size exclusion gel filtration, possum GHBP had an estimated molecular mass of ]65 kDa, similar to that identified in other mammalian species, and binding of 125 I-labelled human GH (hGH) was displaced by excess hGH (20 µg). An immunoprecipitation method, in which plasma GHBP was rendered polyethylene glycol precipitable with a monoclonal antibody to the rabbit GHBP/GH receptor (MAb 43) and labelled with 125 I-hGH, was used to quantitate plasma GHBP by Scatchard analysis in the developing (pooled plasma samples) and adult (individual animals) possums. Binding affinity (K a ) values in pouch young aged between 45 and 54 and 144 and 153 days post-partum varied between 1·0 and 2·4 10 9 /M, which was slightly higher than that in adult plasma (0·96 0·2 10 9 /M, n=6). Binding capacity (B max ) values increased from nondetectable levels in animals aged 25-38 days post-partum to reach concentrations around half that seen in the adult (1·4 0·2 10 -9 M) by about 117 days post-partum and remained at this level until 153 days post-partum. Therefore, in early pouch life when plasma GH concentrations are highest, the very low concentrations of GHBP are unlikely to be important in terms of competing with GH-receptor for ligand or altering the half-life of circulating GH.
Introduction
Marsupials are born at an immature stage of physical development after a short gestation and their subsequent growth and development occurs in the pouch during a lengthy period of lactation (Tyndale-Biscoe 1973) . Organ systems necessary for the young to breathe, ingest milk, crawl in a directional manner and respond to some sensory inputs are well developed at birth as these are necessary for movement to the pouch and attachment to the teat (Gemmell & Rose 1989 , Janssens et al. 1997 . Further development and growth continues during pouch life but little is known of the hormones and growth factors that regulate these processes in marsupials. During pouch life, apart from synthesis by the young itself, milk is the only possible source of hormones and growth factors.
In eutherian mammals, growth hormone (GH) is an important regulator of postnatal growth and development, although its role during fetal life remains unclear. It is also involved in a number of anabolic processes including the stimulation of protein and nucleic acid synthesis and the maintenance of lipid, carbohydrate, nitrogen and mineral metabolism (Kawauchi & Yasuda 1989) . GH mediates its actions on target tissues by interacting with a membranebound GH-receptor (GHR). In plasma, GH has been shown to form a complex with growth hormone-binding proteins (GHBPs) (Baumann et al. 1986 , Herington et al. 1986 . GHBPs have been identified in a number of species, including the human (Herington et al. 1986) , rabbit (Spencer et al. 1988) , mouse (Smith et al. 1989) , rat (Baumbach et al. 1989) , cow (Devolder et al. 1993 ) and chicken (Vasilatos-Younken et al. 1991) . In the human and several other species, at least two forms of GHBP have been shown to exist: a high affinity, low capacity binding protein (Baumann et al. 1986 , Herington et al. 1986 ) and a low affinity, high capacity binding protein (Baumann & Shaw 1990) . The high affinity GHBP is identical to the extracellular domain of the membrane-bound GHR (Leung et al. 1987) and is formed by either alternative splicing of the GHR gene (Baumbach et al. 1989 , Smith et al. 1989 , Martini et al. 1997 or proteolytic cleavage of the extracellular domain of the GHR (Leung et al. 1987 , Sotiropoulos et al. 1993 . GHBPs have been shown to modify the cellular actions of GH by altering its in vivo kinetics and metabolism (Baumann et al. 1987 , Veldhuis 1993 and by competing with receptors for ligand (Lim et al. 1990 , Mannor et al. 1991 . In addition, circulating levels of GHBP in the rabbit, pig and rat have been shown to reflect GHR concentrations in target tissues (Mulumba et al. 1991 , Ambler et al. 1992 , Ymer & Herington 1992 .
Given the important role GH plays in postnatal growth and development in eutherian mammals, GH is also likely to be important in the developing marsupial. The focus of this study was the brushtail possum (Trichosurus vulpecula). In this species a single, furless, physically immature young is born weighing 200 mg and measuring approximately 15 mm after a gestation of 17·5 days (Pilton & Sharman 1962) . The young makes its first exit from the pouch at around 121 days post-partum (Dunnet 1956 ) and permanently leaves the pouch at around 150 days post-partum (Tyndale-Biscoe & Renfree 1987), after it has acquired the ability to thermoregulate (Gemmell & Cepon 1993) . Weaning occurs between 180 and 210 days post-partum. The aim of this study was to examine, first, whether GHBP occurs in this species, and secondly, the changing pattern of plasma GH and GHBP during pouch life.
Materials and Methods

Animals and collection of blood samples
Blood samples were collected from brushtail possum adults and pouch young maintained in a breeding colony at the University of Queensland. These animals were kept in large outdoor enclosures and fed a variety of fresh fruits and vegetables, bread, oats, sultanas and dry dog feed (Drimeat Dog Ration, Provincial Traders Pty. Ltd, Brisbane, Queensland, Australia) and had access to water. The age of pouch young was either estimated from head length measurements according to a method described previously by Lyne and Verhagen (1957) , or was known accurately ( 3 days) from weekly pouch inspections conducted on adult female possums. Blood samples (0·2-0·5 ml) were obtained by cardiac puncture from pouch young and adults that were lightly anaesthetized with a 3% halothane (Rhone Merieux, West Footscray, Australia) in oxygen mixture (0·5 l/min). All samples were collected between 0800 and 0900 h and between April and December. Pouch young less than about 140 days postpartum were taken from the pouch whereas older pouch young were normally removed from their mother's back immediately before they were anaesthetised. All blood samples were centrifuged (2000 g, for 10 min at 4 C) and the plasma fraction collected and stored at 20 C prior to being assayed for GH or GHBP. A permit for the collection and maintenance of possums was obtained from the Queensland Parks and Wildlife Service and experimental procedures were approved by the Animal Experimentation Ethics Committee of the University of Queensland.
Collection of milk samples
Milk samples were collected from female possums with pouch young aged between 12 and 150 days post-partum. Animals were anaesthetized as described above and the pouch young removed from the teat. Following an intracardiac injection of 0·1 ml Syntocinon (synthetic oxytocin, 10 IU/ml; Sandoz, Basel, Switzerland), the ejected milk was collected into capillary tubes and stored frozen at 20 C until assayed.
Growth hormone radioimmunoassay
Plasma and milk GH concentrations were determined in a heterologous radioimmunoassay (Curlewis & McNeilly 1992) . This assay uses an antiserum against wallaby GH (wGH) (G5/3; Curlewis & McNeilly 1992) and brushtail possum GH (pGH) purified from pituitary glands (Curlewis & McNeilly 1992) as standards. wGH (cWB-9) was used as the radioiodinated ligand and prepared using an iodogen method (Salacinski et al. 1981) . All reagents were prepared in 50 mM phosphate buffer (pH 7·5), containing 0·15 M NaCl, 0·5% bovine serum albumin (BSA), and 0·01% Na azide. Standards (0·4-100 ng/ml in 50 µl), plasma (2-50 µl) or milk (50 µl) were made up to a total volume of 100 µl and incubated with 100 µl G5/3 antibody (1/5000 initial dilution) overnight at 4 C.
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I-Labelled wGH (15 000-18 000 c.p.m. in 100 µl) was then added to the tubes and incubated at 4 C overnight. On day three, 100 µl donkey anti-guinea-pig serum (1 in 20 dilution) and 100 µl normal guinea pig serum (1/200 dilution) were added and once again incubated overnight at 4 C. Bound hormone was precipitated with 2 ml 3% polyethylene glycol (PEG) 6000/0·9% saline and centrifuged at 2500 r.p.m. for 30 min (4 C), before decanting and counting radioactivity in the precipitated pellet. Radioactive counts were analysed by the AssayZap computer program (Biosoft, Cambridge, UK), which generates standard curves using a weighted four-parameter fit and determines concentration values. Inter-and intraassay coefficients of variation were 18·0% (for plasma GH concentrations between 6 and 17 ng/ml) and 3·5% (at concentrations between 3·5 and 9·6 ng/ml) respectively and the assay sensitivity was 0·8 ng/ml. Addition of pGH (1·6-12·5 ng) to possum plasma from two individuals resulted in a recovery of 97 3% (S.E.M) and 100·2 3% (S.E.M). Addition of pGH (1·6-12·5 ng) to possum milk resulted in a recovery of 96 9% (S.E.M).
GHBP -gel filtration method
To demonstrate the presence of GHBP in possum plasma, a gel filtration method similar to that described previously by Baumann et al. (1986) was used. This method was validated using both adult possum and human plasma (Saunders 2000) . Monomeric, 125 I-radiolabelled recombinant human GH ( 125 I-hGH; 100 000 c.p.m.), radiolabelled using an iodogen method (Salacinski et al. 1981) , and plasma (1 ml) were made up to 1·2 ml with phosphate-buffered saline (PBS; pH 7·4) and BSA (0·5%). This reaction was incubated for 1 h at 37 C, before being placed on ice and then loaded onto a Superdex 75 Hr 10/30 column (Pharmacia Biotech, Uppsala, Sweden) which had been equilibrated at room temperature with PBS containing 0·01% BSA. Fractions (1·2 or 1·4 ml) were collected and the radioactivity contained within the fractions determined in a -counter. Additional reactions containing 125 I-hGH alone and 125 I-hGH plus excess GH (human or possum) were incubated as described above prior to gel filtration to indicate whether binding to plasma was displaceable. To determine the molecular weight (MW) of compounds eluting from the column, a mixture of calibration standards was separated on the column and peaks identified by UV detection. The calibration standard mix (Sigma, St Louis, MO, USA) contained 0·2 mg Dextran Blue (MW 2 10 6 ), 0·8 mg BSA (MW 66 000), 0·8 mg carbonic anhydrase (MW 29 000) and 0·4 mg cytochrome C (MW 12 400).
GHBP -immunoprecipitation method
An immunoprecipitation method, described previously by Barnard et al. (1989) , was used to determine the binding affinity (K a ) and capacity (B max ) of GHBP in the plasma of adult and developing brushtail possums. This assay utilizes monoclonal antibody 43 (Mab 43) which recognizes the rabbit GHBP and GHR and has been shown to precipitate GHBP in the plasma of humans, rabbits and brushtail possums (Barnard et al. 1989 , Saunders 2000 . All possum plasma samples were diluted 1 in 8 in radioreceptor assay (RRA) buffer (pH 7·4) containing 25 mM Tris-HCl (Sigma), 0·1% BSA and 10 mM MgCl 2 (Ajax Chemicals, Auburn, Australia) to reduce endogenous GH below the level of interference in the immunoprecipitation assay (Ho et al. 1993) . For the pouch young, it was necessary to pool plasma from several individuals in order to provide sufficient sample for the assay. Equal plasma volumes from each of six individuals was used for each of the following age groups: 25-38, 45-54, 73-87, 117-124 and 144-153 days post-partum. The assay was repeated on two separate plasma pools for each age group. Duplicate or triplicate plasma samples (100 µl) of adult and pouch young plasma were incubated with increasing concentrations of recombinant hGH (0-10 000 ng) and 125 I-hGH (]100 000 c.p.m.) in a total volume of 500 µl RRA buffer. After 1 h at room temperature, 100 µl MAb 43 (1 in 250 dilution) were added to the tubes before incubation at 4 C overnight. The following day, the antibody-bound complex was precipitated by adding 1 ml 0·1% bovine -globulin (Sigma) and 1 ml 30% PEG 6000. Tubes were left at 20 C for 30 min prior to centrifugation at 2800 r.p.m. (25 min; 4 C). Following centrifugation the supernatant was removed and the radioactivity was determined in a -counter. To determine that 125 I-hGH binding was comparable between assays, MAb 43 binding to rabbit serum in the presence and absence of excess hGH (1 µg) was used as a quality control. A single plasma sample assayed in duplicate, four times within a single assay, provided within assay coefficients of variation for K a and B max values. These were 26·4% and 23·7% respectively.
K a and B max values for GHBP in possum plasma were determined by Scatchard analysis (Scatchard 1949 ). Scatchard analysis and line fitting (weighted non-linear least squares method) were carried out using the EBDA and LIGAND programs respectively (Biosoft Corporation).
Statistics
A method described by Janssens et al. (1990) was used to define the plasma profile of GH in pouch young in terms of a simple exponential decline equation. The statistical package PRISM (GraphPad Software, San Diego, CA, USA) was used to fit the equation using a non-linear, least squares method. Plasma GH data for pouch young were also grouped into 25-day age groupings so that means and standard errors could be determined. Log-transformed data for the seven age groups (20-45, 46-70, 71-95, 96-120, 121-145, 146-170 and 171-200 days post-partum) and adults were then compared using one-way analysis of variance (ANOVA) followed by Dunnett's New Multiple Range test to compare individual means. Unpaired t-tests were used to compare mean GH and GHBP K a and B max values between adult males and females. ANOVA, t-tests and linear regression were performed using INSTAT software (San Diego, CA, USA).
Results
Plasma and milk GH concentrations
Plasma GH concentrations in pouch young were highest early in pouch life and thereafter declined in an exponential fashion (Fig. 1A) . Mean data at each age were fitted to the equation y=(A+Be These were 11·99, 268 and 0·01849 respectively (r 2 =0·67; P<0·001). Plasma GH values from the same pouch young were also grouped into 25-day age groupings so that means and standard errors could be determined (Fig. 1B) . One-way ANOVA revealed a highly significant (P<0·001) effect of age. At 20-45 days post-partum, GH concentrations were significantly (P<0·05) greater than at any other age and at 46-70, 71-95 and 96-120 days post-partum, the concentrations of GH were still significantly (P<0·05) greater than those in pouch young aged 171-200 days post-partum. GH concentrations in the groups aged between 121 and 200 days were not significantly different from each other. Plasma GH concentrations in adult male (8·4 2·3 ng/ml; n=5) and female (11·5 2·2 ng/ml; n=16) possums were not significantly (P>0·1) different so values for all adults were pooled and compared with those in pouch young. Before 95 days post-partum, GH concentrations in pouch young were significantly greater than those in adult possums (P<0·01). GH could not be detected in any milk sample.
GHBP -gel filtration method
The gel filtration profile in Fig. 2A shows that three 125 I-labelled GH-related peaks could be identified in adult possum plasma, in addition to a free iodine peak which eluted at approximately 150 ml (determined separately with 125 INa). The three GH-related peaks eluted in the void volume (peak 1) and at approximately 50 (peak 2) and 73 ml (peak 3). Based on the elution profile of the calibration standards peaks 2 and 3 had molecular masses of approximately 85 and 21 kDa respectively. The 21 kDa peak was identified as monomeric hGH because this peak of radioactivity was seen with 125 I-hGH alone (Fig. 2C) . Peak 2 binding was readily displaced by excess hGH (20 µg) and partially displaced by excess pGH (20 µg), while peak 1 binding was not displaced by either human or possum GH (Fig. 2B) .
Chromatography of recombinant human GHBP (100 ng; gift of Genentech Inc, San Francisco, CA, USA) in the presence of 125 I-hGH confirmed that peak 2 binding seen in the presence of plasma corresponded to the size expected for 125 I-labelled hGH binding to a high affinity GHBP (Fig. 3B ). When compared with the elution profile for possum plasma (Fig. 3A ) the profiles were identical except for the presence in plasma of the void volume peak (peak 1).
GHBP -immunoprecipitation method
125
I-Labelled hGH binding was readily displaced with increasing amounts of unlabelled hGH in adult possum plasma (Fig. 4A) . Displacement curve data were subsequently used in Scatchard analysis (Fig. 4B) to determine the K a and B max values for GHBP in adult possum plasma. The K a value for adult male possums (0·63 0·1 10 9 / M; n=3) was not significantly different to that of females (1·3 0·3 10 9 /M; n=3) (P>0·1; Fig. 4C ). However, the B max value for males (1·8 0·1 10 9 M) was significantly greater than that of female possums (0·9 0·3 10 9 M) (P<0·05; Fig. 4D ). K a and B max values for GHBP were also determined in pouch young plasma (Fig. 5) . Specific binding could not be detected in the 25-to 38-day-old pools. With the exception of one of the plasma pools in the 45-54 day age group, K a values were relatively constant throughout pouch life and varied between 1·0 and 2·4 10 9 /M, which was slightly higher than that in adult plasma (0·96 0·2 10 9 /M, n=6; Fig. 5A ). In contrast, B max values increased with age of the pouch young as indicated by a significant (P<0·001, r 2 =0·86) linear regression. B max values were lowest in the 45-54 and 73-87 day pools then increased three-to fourfold by 117-124 days post-partum with no further increase in the 144-153 day pools. B max values for the 117-153 day pouch young remained below the 95% confidence interval calculated from adult plasma (n=6; Fig. 5B ; pooled male and female data from Fig. 4) .
Discussion
In this, the first detailed study of both GH and GHBP in the plasma of a marsupial pouch young, we have characterized a high affinity GHBP, of similar MW to that in eutherian mammals, and shown that plasma concentrations of GHBP are below the level of detection in the first month of pouch life. They then gradually increase to about half that in the adult by 120 days post-partum, which is about the time the young makes its first exit from the pouch, and remain at this level until 150 days post-partum. In contrast, plasma GH concentrations are initially high and then decline to reach adult concentrations by approximately 121-145 days post-partum. Despite its more rapid rate of development (Russell 1982) , the marsupial bandicoot (Isoodon macrourus) shows a similar plasma GH profile during pouch life with a corresponding earlier decline in GH to adult-like levels .
Ultrastructural and immunohistochemical evidence show that the pituitary gland of the newborn marsupial is capable of synthesis and secretion of GH (Leatherland & Renfree 1983 , Walker & Gemmell 1983 , Gemmell & Nelson 1988 . Further, with the radioimmunoassay used in the present study, GH could be detected in the head of newborn pouch young (11 ng/head), and by day 12 post-partum the pituitary gland content was 0·75 0·21 µg (Saunders 2000) . Given that GH could not be detected in possum milk, it seems likely that the high plasma GH during early pouch life comes from the anterior pituitary gland. Very high plasma GH concentrations also occur during development of eutherian mammals but these peak in utero. For example, human and sheep fetuses have elevated GH concentrations that are well in excess of adult GH concentrations. For humans, a major decline in GH concentrations then occurs mid-gestation (Gluckman et al. 1981) while for sheep it occurs around the time of parturition (Bassett et al. 1970 , Gluckman et al. 1981 . In contrast, in the rat GH concentrations increase rapidly during late gestation, peak at birth and then decline over the next ten days (Rieutort 1974) . This decline in plasma GH levels in fetal and neonatal eutherians appears to be associated with key developmental or maturational changes such as the onset of inhibitory control by somatostatin, decreased secretion of GH-releasing hormone (Gluckman et al. 1979) and the development of the negative feedback mechanism, where increasing insulin-like growth factor-I (IGF-I) concentrations act directly on the pituitary gland to decrease GH secretion (Arosio et al. 1995) . The decline in plasma GH in marsupials is also likely to reflect maturation of the GH axis. For example, in related research, we have shown that liver gene expression of two key components of the GH axis, GHR and IGF-I, is low during early pouch life when plasma GH levels are high but has significantly increased by 125 days post-partum, which coincides with the final suppression of GH to low concentrations (Saunders 2000) .
Gel filtration experiments revealed that possum plasma contained a high affinity GHBP with a molecular mass of approximately 65 kDa.
125 I-hGH binding to this protein was readily displaced by excess non-labelled hGH but was only partially displaced by pGH. The bioactivity of this pituitary-derived pGH has not been tested but it is not uncommon for such preparations to be immunoreactive but not bioactive, which would account for its failure to completely displace 125 I-hGH bound to GHBP. A similar gel filtration profile to that obtained with possum plasma and 125 I-hGH was also evident when recombinant human GHBP and 125 I-hGH were run on the column. This confirmed that the protein in possum plasma was similar in size to that of the high affinity GHBP (63 kDa) present in the human (Baumann et al. 1986 , Herington et al. 1986 , pig (Davis et al. 1992) and rabbit (Spencer et al. 1988) , but was substantially smaller than that in rat serum (110 kDa: Massa et al. 1990 ). In the presence of possum plasma, an additional radioactive peak eluted in the void volume of the column. This peak was not present when 125 I-hGH alone or recombinant human GHBP and 125 I-hGH were run on the column, and was not displaced by excess GH. This large MW product is likely to be either a low affinity GHBP like that described by Baumann and Shaw (1990) or some multimeric form of the high affinity GHBP.
The 125 I-hGH binding/immunoprecipitation assay and subsequent Scatchard analysis revealed that possum GHBP bound 125 I-hGH with a high affinity and low capacity, similar to that seen in eutherian mammals. The monoclonal antibody used in this assay (Mab 43) is specific for the extracellular domain of the GHR (Barnard & Waters 1986) , therefore providing further evidence that GHBP is a plasma protein in this species. K a values for possum GHBP were similar between male and female possums and to those obtained for the human (possum: K a =0·96 0·2 10 9 /M, present study; human: K a =0·9 0·1 10 9 /M, Barnard et al. 1989) . However, based on a very small number of animals, B max values for possum GHBP were significantly different between the sexes, with concentrations higher in males than females.
Scatchard analysis of GHBP in pouch young plasma showed that throughout pouch life the K a of GHBP did not vary markedly. K a values could not be determined in the youngest age group (25-38 days post-partum) as 125 I-hGH binding was extremely low. For the older age groups (over 45 days post-partum), K a values were slightly higher than those obtained for the adult possum (0·96 0·2 10 9 /M). In contrast, B max values did change throughout pouch life with binding capacity increasing from non-detectable levels (25-38 days post-partum) to about half that observed in the adult possum by around 117 days post-partum. An increase in GHBP levels with age, like that seen in the possum, is also evident in the human, rat and pig (Daughaday et al. 1987 , Baumann et al. 1989 , Mulumba et al. 1991 , Ambler et al. 1992 . In the human, GHBP levels increase from low levels in the fetus and neonate to reach peak levels between 20 and 46 years of age and thereafter decline (Daughaday et al. 1987) . Studies on rats and pigs have also shown that circulating concentrations of GHBP are positively correlated with hepatic GHR levels (Mulumba et al. 1991, Ambler et al. 1992) and indeed we have also shown that liver GHR gene expression in possum pouch young is low early in pouch life but increases by 125 days post-partum therefore correlating with the increased GHBP reported here (Saunders 2000) .
In summary, this study shows that plasma GH concentrations in the brushtail possum pouch young are high during early pouch life and then decline so that by the time the young makes its first exit from the pouch, plasma levels are similar to those in the adult. In addition, this study shows that plasma concentrations of GHBP increase from non-detectable levels in early pouch life to be about half those in the adult at the time of first pouch exit. Similar changes in plasma GH and GHBP also occur in eutherian mammals, either during gestation or soon after parturition when eutherian species are at similar stages of development to the marsupial young when it makes its first exit from the pouch. These results for a marsupial are in accord with the notion that the timing of these endocrine changes is associated with developmental or maturational changes rather than external influences from the placenta or parturition per se.
